We present a new calculation of the 6 Li(p, γ) 7 Be radiative capture astrophysical S-factor in a cluster model framework. We consider several intercluster potentials, adjusted to reproduce the 7 Be bound state properties and the p − 6 Li elastic scattering phase shifts. Using these potentials, we calculate the astrophysical S-factor, obtaining a good agreement with available data, and the photon angular distribution. Finally, we discuss the consequences of a hypothetical resonance-like structure on the S-factor.
Introduction
The 6 Li nucleus is not considered as one of the main Big Bang Nucleosynthesis (BBN) products, because it is believed to appear in very small percentages, being a weakly bound nucleus. However, a measurement of the primordial abundance, using the Li absorption line in old halo stars, has revealed an enhancement compared to standard BBN model predictions [1] .
This is known as the second Lithium problem, the first one being the well known discrepancy between theory and experiment for the 7 Li primordial abundance. A more recent analysis of the data, performed with more sophisticated models of the stellar atmosphere, seems to reduce this discrepancy [2, 3, 4, 5] . However, the second Lithium problem has pushed towards exotic scenarios, as possible SUSY modification of the BBN model [6] . In order to exclude or accept these scenarios, it is necessary to know with high accuracy the cross sections (expressed as astrophysical S-factor) of those reactions that according to BBN contribute to determine the 6 Li abundance.
Two of these reactions are the most important: the 4 He(d, γ) 6 Li radiative capture, which creates 6 Li, and the 6 Li(p, γ) 7 Be radiative capture, which contributes to destroy 6 Li. The first reaction has been recently studied in a framework similar to the one proposed here in Ref. [8] . The second reaction was extensively studied experimentally [9, 10, 11, 12, 13] . However, large uncertainties in the S-factor at the BBN energies (50-400 keV) remain.
Furthermore, a recent work [13] has pointed out the possible presence of a resonance in the BBN energy window, with subsequent suppression at zero energy. In order to confirm or reject such possibility, the LUNA Collaboration has also performed a new campaign of measurements in the Spring of 2018.
The extrapolation of the astrophysical S-factor at zero-energy has been performed within the R-matrix approach in Refs. [14, 15] , including somewhat by hand the resonance-like structure proposed in Ref. [13] . On the other hand, all theoretical calculations performed within the cluster model framework do not reproduce the claimed resonance. The most important theoretical studies were performed using different approaches, like a two-body phenomenological potential [16, 17] , an optical potential [18] , a four-cluster model [19] and the Gamow shell model [20] , obtaining all quite consistent results with each other. All these studies, however, are lacking of an estimate of the theoretical uncertainty, especially that arising from model dependence.
Therefore, we present here a new theoretical study within a cluster model of the 6 Li(p, γ) 7 Be, using also a two-body phenomenological potential similar to that of Ref. [17] , but calculating not only the astrophysical S-factor, but also the angular distribution of the emitted photon, for which there are also available data [10] . This will allow us to further verify the agreement between this theoretical framework and experiment. We will also investigate on the possible presence of the resonance structure as suggested by the data of Ref. [13] .
This work is organized as follows: in Sec. 2 we will present the main ingredients of the calculation, while in Sec. 3 we will present and discuss our results. Our conclusions are given in Sec. 4.
Theoretical formalism
The cluster model approach is based on the fact that the two colliding nuclei, p (J π = 1/2 + ) and 6 Li (J π = 1 + ), can be considered as structureless particle, which interacts through an ad hoc potential. This is tuned to reproduce the 7 Be properties and the elastic scattering phase shifts. Following
Ref. [17] , we consider a p − 6 Li potential of the form
where V 0 and a 0 are two parameters, to be chosen by reproducing the elastic scattering data. We add also a point-like Coulomb interaction,
where α = 1. the Numerov algorithm to solve the Schrödinger equation and then further tested using the R-matrix method (see Ref. [21] and references therein).
The parameters of the intercluster potential given in Eq. (1) are chosen in order to reproduce the elastic scattering phase shifts, which are derived from partial wave analysis of the experimental elastic scattering data of Ref. [17] .
In Table 2 we report all possible partial waves up to orbital angular momentum L = 2 that need to be considered, both for the doublet S = 1/2 and quartet S = 3/2 states, S being the sum of the proton and 6 Li spins, 1/2 and 1 respectively. While the value of a 0 has been fixed and kept as in Ref. [17] , the values of V 0 has been obtained minimizing the χ 2 function, defined as 
We indicate with S the total spin.
Here δ i
EXP (E) are the experimental phase shifts and δ i TH (V 0 , E) are the calculated ones. The minimization has been performed using the COBYLA algorithm [22] . The values of V 0 and a 0 for the various partial waves and the corresponding χ 2 /datum are listed in Table 3 . To be noticed that the phase shift for the 2 P wave is given by δ2 P = δ2 P 1/2 + δ2 P 3/2 as defined in Ref. [17] .
In Fig. 1 we report the experimental values and the calculated phase shifts for the S waves. As we can see from the figure, a nice agreement is found for the S-wave phase shifts, especially for the 2 S 1/2 . with the potential parameters given in Table 3 .
two bound states, the ground state (GS) J π = 3/2 − with E = −5.6068 MeV and the first excited state (FES) J π = 1/2 − with E = −5.1767 MeV [23] .
We fixed again the parameter a 0 as in Ref. [17] , while in order to obtain V 0 we impose that the calculated binding energies reproduce the experimental ones up to the sixth digit. Moreover, we have evaluated also the asymptotic normalization coefficient (ANC), defined as
where u LS (r) is the radial part of the wave function (see below), r is the
, E the energy of the bound state, and W L+1/2 (2kr, η) is the Whittaker function [24] , with η defined as
In Table 4 we report the values for V 0 and a 0 , and the calculated value of the binding energies and ANCs for both the GS and FES. Note that, to our knowledge, there are no experimental data for the ANCs. Having determined the 7 Be and p − 6 Li wave functions, we can proceed to evaluate the radiative capture cross section and angular distribution. Let us consider the generic reaction
We write the scattering wave function as
where p is the relative momentum of the two particles, r the intercluster distance, L, S and J the total orbital, spin and angular momentum of the two nuclei, with J 1 , M 1 and J 2 , M 2 being the total angular momenta and third components of the two nuclei. The function R LSJ (r, p) is the scattering wave function, that has been determined solving the two-body Schrödinger equation similarly to what done in Ref. [8] . For the bound states of the final nucleus A 3 we write the wave function as
where r is again the intercluster distance. The function u L 3 S 3 (r) has also been determined as explained above. The total cross section for a radiative capture in a bound state with total angular momentum J 3 is written as
where α = e 2 /4π, v rel is the relative velocity of the two incoming particles, q is the photon momentum and m 3 is the mass of A 3 nucleus. Finally, T LSJ,J 3 Λ , with T = E/M, are the reduced matrix element of the electromagnetic operator and Λ is the multipole order. Using the Wigner-Eckart theorem, they are defined as
where λ = ±1 is the photon polarization. In our calculation we include only the electric operator, which is typically larger than the magnetic one.
Then, in the long-wavelength approximation [25] , by using Eqs. (7) and (8), it results
Here we have definedx = √ 2x + 1 and
is the effective charge, in which Z 1 (Z 2 ) is the charge and m 1 (m 2 ) is the mass of the A 1 (A 2 ) nucleus. Given the radial wave functions u L 3 S 3 (r) and R LSJ (r, p), the one-dimensional integral of Eq. (11) is simple and performed with standard numerical techniques. The astrophysical S-factor is then defined as
where σ J 3 (E) is the total cross section of Eq. (9) and η is defined in Eq. (5).
The other observable of interest is the photon angular distribution, which can be written as
where σ 0 (E) is a kinematic factor defined as
and P k (cos θ) are the Legendre polynomials. The coefficients a k are given by
The photon angular distribution can be casted in the final form
where σ J 3 (E) is defined in Eq. (9), and A
0 (E).
Results
In this section we compare our theoretical predictions for the astrophysical S-factor and the angular distribution of the emitted photon with the available experimental data. In the last subsection, we also discuss the possibility of introducing in our model the resonance proposed in Ref. [13] .
Before discussing the results, we note that in the p − 6 Li reaction the open 3 He − 4 He channel should in principle be included. However, we do not consider this channel in our work. This can be done because the experimental phase shifts of Ref. [17] used to fit our potential were obtained considering only the p− 6 Li channel. Therefore the 3 He− 4 He channel results to be hidden in the experimental phase shifts that we reproduce with our potential. On the other hand, for the 7 Be bound states, the 3 He − 4 He component needs to be considered, and this is done phenomenologically, introducing in our calculation the spectroscopic factors, as explained in the next subsection.
The Astrophysical S-factor
The main contribution to the radiative capture reaction 6 Li(p, γ) 7 Be cross section (and therefore astrophysical S-factor) comes from the electric dipole (E1) transition. The structure of the electric operator in the long wavelength approximation implies a series of selection rules due to the presence of the In Fig. 2 we compare our results for the astrophysical S-factor with the experimental data of Ref. [9] and [13] . The calculation is performed summing up the contributions to both the GS and the FES. Since the data of Ref. [13] are still under debate, in discussing the results of Fig. 2 we will consider only the data of Ref. [9] . By inspection of the figure, we can conclude that our calculated (bare) S-factor is systematically lower than the data. The reason can be simply traced back to the fact that in our model we do not take into account the internal structure of 6 Li and 7 Be. In order to overcome this limitation, we introduce the spectroscopic factor S, for both bound states of 7 Be, so that the total cross section can be rewritten as
Here σ bare 0 (E) (σ bare 1 (E)) and S 0 (S 1 ) are the calculated bare cross section and spectroscopic factor for the transition to the GS (FES) of 7 Be.
In order to determine the two spectroscopic factors S 0 and S 1 , we proceed as follows: we notice that in Ref. [9] there are two sets of data, which corresponds to the radiative capture to GS and FES, and the total S-factor Bare Final Ref. [9] Ref. [13] Figure 2: Total astrophysical S-factor for the 6 Li(p, γ) 7 Be radiative capture reaction. The (blue) dashed line is the bare calculation, while the (red) full line is the obtained including the spectroscopic factors S 0 and S 1 of Table 5 . The data are taken from Refs. [9] and [13] .
is given by multiplying the data for the relative branching ratio (BR). Therefore, we divide the two data sets for the corresponding BR and we fit the spectroscopic factors, calculating the S-factor for GS and FES captures sep-
arately. In such a way we are able to reproduce not only the total S-factor but also the experimental BR for the FES radiative capture of ∼ 39% [9] , defined as S Table 5 . From the values of the χ 2 0 /datum given in Table 5 , it is possible to conclude that the description of the radiative capture reaction to the GS using the bare wave function is quite accurate, while this is not the case for the FES.
In order to extrapolate the astrophysical S-factor at zero energy, we per- form a polynomial fit of our calculated points up to second order, i.e. we rewrite the S-factor S(E) in the energy range between 0 and 300 keV as
In Table 6 we report the values obtained for S(0), S 1 (0), and S 2 (0) in the cases of the GS, FES and the total GS+FES captures. Table 6 : Expansion coefficients for the polynomial fit of the S-factor as defined in Eq. (19) .
For our work we report the expansion for the GS, the FES, and the sum of the two. For
Refs. [16, 17, 18] we report the expansion obtained from the fit of digitalized curves of the total S-factor.
can be compared with those obtained with other phenomenological models in Refs. [16, 17, 18] . In particular, we can conclude that our results for S(0)
is within 3% compared to Refs. [16, 17, 18] . As regarding the shape of the S-factor, determined by S 1 (0) and S 2 (0), our results are quite in agreement with those of Ref. [16] and [18] . On the other hand, the results obtained in Ref. [17] with an approach similar to ours, give a higher value for S 1 (0) and S 2 (0). The origin of this discrepancy is still unknown. The results of Ref. [19] , although obtained with a more sophisticated model than the one presented here, are consistent with ours, while those of Ref. [20] show a different energy dependence. All the theoretical calculations, except the studies of Refs. [11, 12] , agree in a negative slope in the S-factor at low energies, and none of them predict a resonance structure, as suggested instead by the data of Ref. [13] .
In order to estimate the theoretical uncertainty arising from a calculation performed in the phenomenological two-body cluster approach, we have reported in Fig. 3 within a (gray) band all the results available in the literature.
As we can conclude by inspection of the figure, the theoretical error which can be estimated by the band is quite significant, but of the same order of the experimental errors on the data. If we take into account all the results obtained with the phenomenological potentials of Refs. [16, 17, 18] and the results of the present work, we obtain for the S-factor at zero energy the value S(0) = (103.5 ± 4.5) eV b .
We remark that also the value for S(0) obtained in Ref. [21] is within this range.
Angular distribution of photons
We present in this section the photon angular distribution results obtained within the framework outlined in Sec. 2, and we compare our results with Ref. [16] [17] [18] Ref. [19] Ref. [20] This work Ref.
[9] Ref. [13] Figure 3: Comparison between our predictions (full red line) and the studies available in the literature. We show within a (gray) band the calculated astrophysical S-factors of Refs. [16, 17, 18] , obtained with phenomenological potentials. For completeness we also report the results of Ref. [19] (blue dashed line) and of Ref. [20] (blue dot-dashed line).
the data of Ref. [10] . This provides a further check on our model. By using Eq. (17), we have found that the main contribution to the
k (E) coefficients comes from the interference of the E1 operator generated by the 2 S 1/2 wave with the E1 operator generated by the 2 D waves and with the E2 operator generated by the 2 P waves. Note that for the 2 P and 2 D waves, we do not have a complete set of data for the phase shifts in all the possible total angular momentum J π . Therefore we use the same radial function for the 2 D 3/2 and 2 D 5/2 waves, and also for the 2 P 1/2 and 2 P 3/2 waves. The relative phases for these waves, being arbitrary, are fixed in order to have the best description of the data of Ref. [10] .
The results for the A J 3 k coefficients for various incident proton energies (E p ) are reported in Tables 7 and 8 k (E) for three proton energies compared with the fit to the data of Ref. [10] . The χ 2 /datum is also reported. results to be
where the dots indicate the interference's between the E1 generated by the D waves, which give a negligible contribution. If now we suppose that E with the data can be considered acceptable.
The photon angular distribution has a noticeable impact on the experimental measurements of the S-factor. Many experiments are done measuring the photon emitted at a fixed angle (θ) respect to the beam axis. Therefore the measured cross section must be corrected by a factor related to the angular distribution. We take into account this effect writing the total cross section as
where σ exp (E; θ 1 θ 2 ; φ 1 φ 2 ) is the measured cross section integrated over the solid angle covered by the detector and
In Eq. (22) we call with φ the other polar angle. Many experiments put the detector at θ ≃ 55
• , since P k (cos 55 • ) ≃ 0 and therefore the contribution of A 2 (E) can be neglected. However, the contribution from the A 1 (E) coefficient can not be always neglected. Using our calculation, we can estimate the impact of the angular distribution of the photon to the measurement of the 6 Li(p, γ) 7 Be reaction. In Fig. 6 we evaluated the coefficients C(E, θ = 55
for the capture to the GS and the FES, neglecting the physical dimension of the detector. By inspection of the figure we can conclude that the correction given by the photon angular distribution is negligible for capture in the GS.
This can be traced back to the fact that the coefficient A 
The "He"-resonance
In a recent work [13] , He et al. considered the possibility of introducing a resonance-like structure in the 6 Li(p, γ) 7 Be S-factor data at low energies, and they estimated the energy and width in the proton decay channel to be E R = 195 keV and Γ p = 50 keV, respectively. The total angular momentum of the resonance reported in Ref. [13] can be either
In this section we give for granted the existence of this resonance, and we explore the effects of introducing such a resonance structure in our model.
The comparison with the available data will tell us whether this assumption is valid or not.
The first step of our study consists in constructing the nuclear potentials in such a way that we obtain 190 keV < E R < 200 keV and we reproduce the width of the resonance in the S-factor data. In a first calculation, we consider to introduce the resonance in the partial wave of spin 1/2. In particular we use the wave 2 S 1/2 for J π = 1/2 + and 2 D 3/2 for J π = 3/2 + . In both the cases, we were not able to find parameters V 0 and a 0 (see Eq. (1)) that give a consistent description of all the available data. For the 2 S 1/2 the introduction of such a resonance is completely inconsistent with the experimental phase shifts. For the 2 D 3/2 we do not have experimental constrains on the experimental phase shifts, but we were not able to obtain the strength of the resonance as given in the data of Ref. [13] . The best result obtained adding the resonance in the 2 D 3/2 wave is given in Fig. 7 .
In a second calculation, we considered the GS of 7 Be to be a mixed state of spin 1/2 and 3/2. In this way the E1 operator can couple the scattering wave 4 S 3/2 to the 4 P 3/2 component of the GS. Therefore, we can introduce Ref. [9] Ref. [13] Figure 7: Bare astrophysical S-factor (blue dot-dashed line) to which it is summed a resonance structure in the 2 D 3/2 wave (full red line 
where S res is the spectroscopic factor of the 4 P 3/2 wave component in the GS and σ bare res is the calculated capture reaction cross section in the resonance wave. The result obtained imposing S 0 = S 1 ∼ 1 and S res ∼ 0.011 is in good agreement with both the data set of Refs. [9] and [13] and it is shown in Fig. 8 . Ref. [9] Ref. [13] R-matrix fit reported in Ref. [13] . However, using the potential model which describes the resonance in the S-factor data, we were not able to reproduce the 4 S 3/2 elastic phase shifts data. In fact, as shown in Fig. 9 , the 4 S 3/2 phase shift is badly underpredicted. Therefore we can conclude that by including the resonance structure in the 4 S 3/2 wave, we obtain a nice description of the S-factor data, but we destroy the agreement between theory and experiment for the elastic phase shifts. This put under question the real existence of the resonance structure proposed in Ref. [13] .
Summary and Conclusions
We have evaluated the astrophysical S-factor of the 6 Li(p, γ) 7 Be radiative capture reaction using a two-body cluster approach. The intercluster poten- The theoretical S-factor underestimates, although not dramatically, the experimental values. This is not surprising, since we have neglected in this first step the internal structure of the involved nuclei. When we introduce a spectroscopic factor, which takes care of this, we obtain a nice agreement with the data. Furthermore, we have reviewed the phenomenological calculations present in literature, and this has allowed us to estimate the theoretical error on the S-factor calculated within this two-body approach.
We have also studied the photon angular distribution. Comparing our calculations with the available data, we obtain a good description of the angular distribution for the capture to the GS of 7 Be. For the capture to the FES, the description is less accurate, and this can be traced back to the poor knowledge of the P and D waves phase shifts. Furthermore, we have used our calculation of the photon angular distribution to study the effect on the experimental error budget for those experiments which measure the 6 Li(p, γ) 7 Be cross section using a fixed angle apparatus.
Finally, we have introduced in our study the resonance-like structure proposed in Ref. [13] . If the resonance is introduced in the 2 S 1/2 or in the 2 D 3/2 waves, we obtain results completely inconsistent with the phase shifts and S-factor data. When the resonance is introduced in the 4 S 3/2 wave, a nice description of the S-factor data is achieved. However, we are not able to reproduce consistently the 4 S 3/2 elastic scattering phase shifts. We can conclude therefore that the presence of a resonant structure cannot be accepted in our theoretical framework.
